We have investigated the effects of DMSO on growth rate, on induction of f-galactosidase, on
The lactose operon in Escherichia coli contains structural genes for ,B-galactosidase, galactoside permease, and thiogalactoside transacetylase. Work in this laboratory has been concerned with the structure and the rates of synthesis of the two well-defined enzymes, 3-galactosidase and thiogalactoside transacetylase, as well as with a possible physiological role for the latter.
In the course of these studies, attempts were made to alter the permeability of E. coli to various materials. Dimethylsulfoxide (DMSO) was chosen as a reagent for this purpose for several reasons. It has excellent solvent properties and is miscible in all proportions with water and with many organic solvents. Many biological macromolecules such as proteins (2, 9) , nucleic acids (3) , and carbohydrates are not only soluble in anhydrous DMSO, but remain active. For example, trypsin is active in 95 % DMSO (2) . Mammalian cells have been preserved at low temperatures in the presence of DMSO (1, 8) , and studies have been carried out on the penetrating ability of this solvent.
We have investigated the effects of DMSO on growth rate, on induction of f-galactosidase, on the activities of the purified enzymes, and on permeability.
MATERIALS AND METHODS
Coenzyme A and isopropyl-(3-D-thiogalactoside (IPTG) were purchased from Calbiochem. Anhydrous DMSO (Spectroquality Reagent Grade) was obtained from Matheson, Coleman and Bell, East Rutherford, N.J. All other reagents used were obtained as indicated previously (10) .
The following strains were obtained from J. Monod, Pasteur Institute: ML 30 (i+z+y+); ML 3 (i+z+y-); ML 308 (iz+y+); K-12 3300 (t-z+y+); and K-12 300 U (i+z+yj). A. Rich, Massachusetts Institute of Technology, kindly provided Hfr 3000 (i+z+y+); 707 yamber (i+z+y-); and W 6203 (i+z+y-). The symbols i, z, and y are the usual notations for the regulatory gene, the ,B-galactosidase gene, and the galactoside-permease gene, respectively.
Mineral salts medium 63 (4) was used in all experiments. Thiamine (1 jg/ml) was added to the culture medium of all strains except ML.
Thiogalactoside transacetylase was purified and assayed as described previously (10) . i3-Galactosidase was isolated (6) Table 1 show that the growth rate and ,3-galactosidase formation were inhibited to the same extent, indicating that the differential rate of synthesis of the enzyme remained the same.
Effect of DMSO on resting cells. Bacteria may be shaken in the presence of relatively high concentrations of DMSO in mineral medium containing no carbon source without affecting subsequent growth in DMSO-free medium. In the experiment illustrated in Fig. 2 a A culture of ML 30 in the exponential phase of growth on succinate was transferred to fresh medium containing DMSO and 5 X 10-4 M IPTG as indicated. After 4.5 hr of growth, the cells were still in the exponential phase. Turbidity was measured; the cells were centrifuged, treated with toluene, and assayed for ,3-galactosidase. the cells were shaken at 37 C in medium 63 in the presence and absence of 5 % DMSO for 1, 4, and 8 hr. By plating and direct colony counting, it was found that no loss in viability occurred due to the presence of DMSO, even after 8 hr. Only trace amounts of fl-galactosidase were found in the supernatant solutions after these shaking periods, whether or not DMSO was present.
Leakage of ultraviolet-absorbing material into the medium as a consequence of the presence of DMSO was also examined. Cultures of ML 30 were shaken for 3 hr at 37 C at a concentration The analyses shown in Table 2 were carried out by diluting the enzyme into the assay mixture so that insignificant amounts of DMSO remained.
When the assay was carried out in the presence of 10 and 20% DMSO, inhibitions of activity of 15 and 30%, respectively, were observed.
,B-Galactosidase inactivated with 50% DMSO could not be reactivated by dialysis against 0.01 M tris(hydroxymethyl)aminomethane (pH 7.7), 2 X 10-4 M mercaptoethanol, and 5 X 10-4 M manganese sulfate.
Effect of DMSO on thiogalactoside transacetylase. The stability to incubation with DMSO of this enzyme is even greater than that of 3-galactosidase (Table 3) . Essentially no loss of activity was observed after 5 hr in 40% DMSO.
Effect of DMSO on permeability to o-nitrophenyl-3-D-galactoside (ONPG). Cells were shaken in medium 63 containing 5 and 10% DMSO, and were centrifuged, washed, and resuspended in medium 63. One portion was tested for f-galactosidase activity with ONPG after breaking the cells by toluenization; the activity in Percentage of initial activity remaining. Table 4 . When permeaseless strains were tested, a clear decrease in the permeability barrier was found, with decreases in crypticity up to 50%. Permease-positive strains also showed this effect, but results were more variable.
Growth on lactose of permeaseless strains with DMSO. Because permeability to ONPG was increased by DMSO, it seemed possible that strains which could not grow on lactose because galactoside-permease is absent might be able to do so in the presence of DMSO. This proved to be the case (Fig. 3) . 
DIscussIoN
The most interesting observation obtained in these studies is that DMSO can alter permeability of E. coli. Pretreatment of cells in mineral medium with concentrations of 10% solvent caused a decrease in the crypticity factor in strains lacking galactoside-permease. Furthermore, several of these strains which do not grow on lactose were found to grow on this sugar in the presence of 5% DMSO, provided that g-galactosidase had been previously induced. It is possible that these results might be due to a selective effect of DMSO on a small proportion of cells, causing an apparent rather than a real decrease in crypticity of each cell. Growth on lactose might be due to destruction of some cells in the population with consequent exposure of lactose to 3-galactosidase, and growth of unaffected cells on the glucose and galactose produced by hydrolysis. We believe that such a selective effect is unlikely, and that the decrease in permeability is a real effect on most cells in these cultures. No loss in viability was observed even after shaking cultures with relatively high concentrations of DMSO, no excess of ultraviolet-absorbing material was released into the medium, and no f,-galactosidase could be detected in more than trace amounts in supernatant solutions after DMSO treatment.
These results, then, suggest that DMSO may be a useful reagent for studies in which entry of sugar molecules and possibly other small molecules into bacterial cells is desired. Because the low concentrations of DMSO which are effective in reducing the permeability barrier to ONPG and lactose have no effect on activity of the two enzymes tested, j-galactosidase and thiogalactoside transacetylase, it is probable that irreversible effects on other components of the cell do not occur. It would appear that DMSO can be used for a variety of studies with bacteria as well as with mammalian cells.
